Design and fabrication of an electrical injection metallic bowtie plasmonic structure integrated with semiconductor gain medium We propose and demonstrate a design and fabrication of an electrical injection metallic bowtie (MB) structure integrated with semiconductor gain medium. Our integrated bowtie-semiconductor structure takes the advantage of selective wet chemical etching of InGaAsP, allowing the formation of a bowtie shaped gain structure by a single step etching. The subsequent metal deposition allows the nature integration of gain medium between two bowtie tips. Electroluminescence was observed from fabricated structures at 78 K. Such gain embedded MB structures open the potential for large scale fabrication of plasmonic structures for various applications such as nanolasers and plasmonic generation under electrical injection. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819843]
Metallic bowtie (MB) structure is one of the most interesting plasmonic structures studied, [1] [2] [3] where electromagnetic (EM) field can be strongly localized and enhanced at the gap between two tips over a large wavelength range from ultraviolet, 4 visible, 5 to near infrared, 6 or even mid infrared. 7 Due to this unique property, MBs have a wide range of applications, including optical trapping, [8] [9] [10] surface enhanced Raman spectroscopy, 11 and high resolution photolithography. 12 The interaction between a light emitting material with the strong localized field in a MB structure is one important topic in the study of fundamental physics processes in nanophotonics or plasmonic systems. Enhanced luminescence was observed in semiconductor quantum dots 3 and organic molecules 13 when coupled with a MB pair. MBs integrated with gain medium as plasmonic lasers with a size far below the diffraction limit was also proposed, 14 simulated, 15 and demonstrated under optical pumping. 16 Despite great interest and extensive research, several key short-comings exist in the current approach. First of all, integration of light emitting (or active) materials with bowtie structure is needed in most of the proposed applications, and preferably, the active material needs to be precisely and controllably positioned between the bowtie tips. But such positioning of the active medium between the bowtie tips represents a significant challenge. For example, the assembly of MBs and other nanostructures largely relies on the "pick-place" approach 3, 17 which is not suitable for massive production, or spin-coating/dispersion 13 method, which is essentially a random and uncontrollable process. Second, for nanophotonic applications, such as superemitters 3 or nanolasers, 16, 18 electrical injection and controlled structure is eventually preferred for the compactness and for chipscale integration. But current studies of bowtie structures almost exclusively focused on optical injection. Thus, a controllable integration of bowtie structure with gain medium is strongly desired, which is also compatible with electrical injection.
In this paper, we will propose a design and demonstrate the fabrication of an electrical injection MB structure. An important feature of our design is that it can be fabricated using a controllable top-down nanofabrication technology and that both gain medium and bowtie structure can be defined and positioned through electron beam lithography and a one-step etching process. Our MB-Semiconductor structure is schematically shown in Fig. 1(a) . Two triangular grooves are etched in an InP/InGaAs(P)/InP pillar through a single etching step to be described later. Subsequent thermal deposition of silver automatically fills the side grooves, thus forming the MB with the InGaAs gain region sandwiched between the bowtie tips. Figure 1(b) shows an enlarged view of the MB with two dashed triangles highlighting the bowtie tips.
The thin SiN layer between metallic and semiconductor regions serves as an electrical insulating layer. Electrons and holes can be injected through the top n-InP and bottom p-InP layer into the center InGaAs gain region, respectively, under forward electric bias. Similar structure with straight sides (without bowtie) has recently allowed the room temperature operation of a nanolaser under electrical injection. 19, 20 The key design aspect is a heterostructure made of InGaAs(P) where the As and P are stepwise decreased (As) or increased (P), respectively, from the middle layer upwards and downwards. As shown in Fig. 1(a) , the 9-layer InGaAs(P) structure changes compositions from InGaAsP at two ends to InGaAs in the center with an increasing As fraction from 0.4 to 1. All the layers are lattice matched to InP. The band diagram of semiconductors overlaid in Fig. 1 (a) also shows a triangular potential well for both electrons and holes. Under current injection, carriers can be injected and confined in the InGaAs layer and recombine to emit photons.
The proposed fabrication for this silver-semiconductor bowtie structure is shown in Figs the InP/InGaAs(P)/InP straight pillar by lithography and inductively coupled plasma (ICP) dry etching ( Fig. 1(d) ), the straight InGaAs(P) pillar is further etched in H 2 SO 4 :H 2 O 2 : H 2 O ¼ 1:1:10, whose etching rate increases with the As composition. Thus, triangular shaped grooves are formed in a one-step wet-etching process into the semiconductor pillar, as shown in Fig. 1 (e). A thin SiN layer is then deposited via plasma enhanced chemical vapor deposition (PECVD) for insulation ( Fig. 1(f) ) before the whole structure is encapsulated in silver ( Fig. 1(g) ). Top and bottom contacts can also be fabricated to enable current injection. The selective etching of composition graded InGaAs(P) layer in H 2 SO 4 :H 2 O 2 : H 2 O ¼ 1:1:10 is the key to our design and fabrication. The wet chemical etching rate increases with As fraction 21, 22 as shown in Fig. 1(c) . Since in the composition graded InGaAs(P) region, Arsenide fraction gradually increases from 0.4 at two ends to 1 in the center InGaAs layer, a groove will be etched with InGaAs layer at the center. In our design, the composition of each layer is so selected that the etch rate linearly increases, thus leading to a triangular groove after a one-step etching. As shown in Fig. 1(c) , the etch rate increases from 44 nm/min for In 0.82 Ga 0.18 As 0.4 P 0.6 at two ends to 220 nm/min for In 0.53 Ga 0.47 As at the center. Due to the presence of such grooves in the InGaAs(P) region, deposited silver will automatically form a bowtie shape and align with InGaAs layer where photons are emitted. The gap between the metal tips is given by D ¼ W À 2R Â t þ 2d and the angle of groove can be calculated by: h ¼ 2 arctanð
4:5h
RÂt Þ, where W is the width of pillar defined by lithography, R is the etch rate for InGaAs, t is the etching time, d is the thickness of SiN layer, and h is the thickness of each InGaAs(P) layer. Obviously, the combination of bowtie gap and angle can be selected with a large freedom through designing width of the pillar W, thickness of each InGaAs(P) layer h, and the etching time t.
We notice the difference between the proposed bowtie waveguide and the more standard MB structures.
1-16 While a propagating surface plasmonic wave can be supported perpendicular to the bowtie plane in the former, only localized plasmonic modes can be supported in the latter. Obviously, our structure can also be fabricated into a more standard MB structure, if the longitudinal length is etched down to below 100 nm. In addition, it is advantageous to have a propagation direction for many applications so that such strongly localized plasmonic mode can be delivered to an application point. Despite such difference, as we will show here, our MB waveguide shares the same essence of other MBs, which includes strong light confinement and enhancement between the two metal tips. In our previous plasmonic nanolasers, 23 the plasmonic mode is confined below the diffraction limit horizontally due to the use of metal-insulator-semiconductor-insulator-metal (MISIM) waveguide. However, vertical confinement in those devices is poor since it is based on the index profile of an InP/InGaAs/InP double heterostructure. The plasmonic modes at 1.55 lm supported in this MB and a MISIM waveguide are compared in Fig. 2 . In the MB structure, the thickness (in Y direction) of each InGaAs(P) layer is set to 20 nm and the tip angle of the bowtie is 90
. For a fair comparison, we set the width (in X direction) of InGaAs to 20 nm and thickness of SiN to 10 nm in both structures. The thickness of InGaAs layer in MISIM waveguide is also 180 nm, the same as the InGaAs(P) region in the MB. Figures 2(a) and 2(b) show the electric field pattern of the plasmonic mode in the MB and MISIM waveguide, respectively, assuming the same amount of total mode energy stored in both structures. In both structures, plasmonic mode is strongly confined horizontally between metals on two sides in the low index SiN layer with an electrical field dominated by the E x component. Obviously, electric field spreads significantly vertically (along Y direction) in the MISIM waveguide. In contrast, electric field in the MB is tightly localized vertically near the metal tips and is significantly enhanced. To see such vertical confinement more quantitatively, the electric field along the center lines of two structures in Y direction is plotted in Fig. 2(c) . The full width at half maximum (FWHM) for the electric field in the MB is only 120 nm, about a quarter of the mode wavelength in InGaAs. But the FWHM in the MISIM waveguide is 537 nm, significantly larger than the diffraction limit. To quantify the overall mode localization, we can define an effective mode area S eff as
eðr max Þmax½EðrÞ 2 :
S eff for these two structures is plotted in Fig. 2(d) as a function of the InGaAs layer width. If we define an electric field intensity enhancement factor as the ratio of maximum electric field intensities when the same amount of total energy is stored in both structures, then this enhancement factor can be calculated as the inversed ratio of S eff . The electric field intensity in a MB is enhanced by several folds as shown in Fig. 2(d) . Clearly such MB structure can tightly confine the EM field below diffraction limit in two dimensions and enables significant field enhancement compared to our previous MISIM waveguide structure with straight sidewalls. One drawback of this MB structure is the high propagation loss on the order of several hundred per centimeter as shown in Fig. 2(d) , especially for those very thin devices. Such high loss requires high optical gain to compensate for applications such as plasmonic amplifiers or nanolasers. Design optimization would be of great interest for future research.
We have carried out experiments based on the above design and fabrication processes. Device structure is schematically shown in Fig. 3(a) . The basic fabrication processes are similar to ones described for our nanolasers, 23 but with the key difference in the selective etching process that produces the bowtie section (red circle in Fig. 3(a) ). Electrical injection is enabled through the top and bottom contacts. The plasmonic mode confined by the MB will bounce back and forth in device length direction (called Z-direction to be consistent with the coordinate system shown in Fig. 1(a) ) between two ends, thus forming a Fabry-Perot cavity. The plasmonic mode thus produced is strongly confined to a thin rod in X-Y plane with length along the Z-direction. Thus, such structure produces a quasi-one dimensional photonic wire. To reduce loss from top metal contact and radiation loss from bottom aperture, 25 we designed relatively thick top and bottom InP cladding layers, 500 and 800 nm, respectively. Figure 3 . The InGaAs layer is etched to 23 nm in width. 15 nm SiN was deposited via PECVD. After that, we sputtered 1 lm thick silver on the pillar to ensure metal coverage on the grooves to ensure the best conformity achievable with the relatively poor conformal coating of our sputtering machine. After device fabrication, I-V characterization was performed, and we found that good devices showed rectifying I-V characteristics expected from a p-i-n junction, but a large number of devices did not display expected I-V characteristics, indicating a low yield of the fabrication. To examine the internal structure of the bowtie, the devices were cut from one end using focused ion beam (FIB). As expected, thin devices broke at the middle section (the thinnest InGaAs region) due to the mechanical stress of the thick silver deposited. Wide devices generally remained intact after fabrication. Figure 3(c) shows the cross section of a cut device with a total pillar width around 305 nm. The width of the InGaAs layer is etched down to 170 nm. The shape of a MB can be observed, but silver is not tightly coated to the groove walls due to the poor adhesion between silver and SiN and the large mechanical stress mentioned earlier, thus leaving small voids between them.
Electroluminescence (EL) was observed from devices that displayed good I-V characteristics at liquid nitrogen temperature. Figure 4 (upper panel) and its own luminescence emission under current injection at 78 K (lower panel). The emission spectra under different injection currents are shown in Fig. 4(b) . The EL emission shifts strongly to below 1300 nm, far away from the band edge of InGaAs, suggesting that the carriers populate the wide bandgap InGaAsP layers under a large current injection. The I-V curve shows a turn-on voltage around 0.8 V, similar to any other p-n or p-i-n junction diodes. The integrated emission intensity (see Fig. 4(c) ) increases linearly with current when the current is larger than 30 lA. No lasing was observed. Besides the aforementioned high propagation loss, the strong optical scattering loss caused by the fluctuation of the voids in grooves between silver and SiN is another factor leading to very high threshold gain for lasing.
In summary, we proposed and demonstrated a design and fabrication approach to produce a plasmonic bowtie structure with semiconductor gain region integrated. By depositing silver to fill the grooves created by selective wet chemical etching in composition graded InGaAs(P) layers, a MB is automatically formed and self-aligned with the InGaAs gain region. Such structure can, in principle, be fabricated in a controllable and massive production manner. The demonstrated electrical injection in such MB structures and EL at 78 K suggests that the final realization of functional MB devices is possible after further improvement in device design and fabrication. Such an integrated structure can serve as an electrical injection plasmonic sources and may eventually enable smallest plasmonic nanolasers under electrical injection. Our experiments also suggest several improvements to be made in future research for such devices to be produced with a high yield: (1) the silver layer thickness needs to be reduced significantly with improved coating conformity. Specific wafer holder can be designed in physical vapor deposition (PVD) tools to make sure that different sides of the pillar can be exposed to the vapor flux during metal deposition more uniformly. Such more conformal and thinner silver layer will significantly reduce the mechanical stress and improve the overall fabrication yield. To make the device mechanically robust, thin top InP cladding layer ($100 nm) is also preferred. (2) The poor adhesion between silver and SiN is the main reason that silver did not tightly fill the groove. A thin adhesion layer, for example, 1-2 nm germanium, 26 can be deposited on SiN before silver to enhance the adhesion and thus improve bowtie shape. We believe these key improvements would make our approach a high yield and controllable strategy, leading to electrical injection generation of plasmonic sources from a highly integrated metal-semiconductor platform. 
